Aggregation of islet amyloid polypeptide (IAPP) contributes to beta cell dysfunction in type 2 diabetes and islet transplantation. Like other amyloidogenic peptides, human IAPP induces macrophage IL-1␤ secretion by stimulating both the synthesis and processing of proIL-1␤, a pro-inflammatory cytokine that (when chronically elevated) impairs beta cell insulin secretion. We sought to determine the specific mechanism of IAPP-induced proIL-1␤ synthesis. Soluble IAPP species produced early during IAPP aggregation provided a Toll-like-receptor-2-(TLR2-) dependent stimulus for NF-B activation in HEK 293 cells and bone marrow-derived macrophages (BMDMs). Nonamyloidogenic rodent IAPP and thioflavin-T-positive fibrillar amyloid produced by human IAPP aggregation failed to activate TLR2. Blockade of TLR6 but not TLR1 prevented hIAPP-induced TLR2 activation, consistent with stimulation of a TLR2/6 heterodimer. TLR2 and its downstream adaptor protein MyD88 were required for IAPP-induced cytokine production by BMDMs, a process that is partially dependent on autoinduction by IL-1. BMDMs treated with soluble but not fibrillar IAPP provided a TLR2-dependent priming stimulus for ATP-induced IL-1␤ secretion, whereas late IAPP aggregates induced NLRP3dependent IL-1␤ secretion by LPS-primed macrophages. Moreover, inhibition of TLR2 and depletion of islet macrophages prevented up-regulation of Il1b and Tnf expression in human IAPP-expressing transgenic mouse islets. These data suggest participation by both soluble and fibrillar aggregates in IAPPinduced islet inflammation. IAPP-induced activation of TLR2 and secretion of IL-1 may be important therapeutic targets to prevent amyloid-associated beta cell dysfunction.
mon pathological features of pancreatic islets from patients with type 2 diabetes. Amyloid deposits are comprised primarily of islet amyloid polypeptide (IAPP), 5 a 37-amino acid peptide that is co-secreted with insulin by beta cells. Recent evidence suggests that IAPP aggregates trigger islet secretion of IL-1, which acts alone or in combination with other pro-inflammatory cytokines to impair beta cell insulin secretion (5, 6) . Human but not non-amyloidogenic rodent IAPP induces IL-1␤ synthesis in bone marrow-derived and intra-islet macrophages (7, 8) . IAPP also activates the NACHT, LRR and PYD domaincontaining protein 3 (NLRP3) inflammasome, required for processing of proIL-1␤ into its mature form (9) . Blockade of IL-1 signaling with IL-1 receptor (IL-1R) antagonist (IL-1Ra) limits IAPP-induced secretion of pro-inflammatory cytokines by macrophages and chemokines by islets (8) , suggesting that this cytokine is a central mediator of islet inflammation in the setting of amyloid formation.
Resident macrophages are the major source of IAPP-induced Il1b gene expression in mouse islets (7, 8) , but it is unclear how IAPP is sensed by islet macrophages to provide an initial stimulus for proIL-1␤ synthesis. Other amyloidogenic peptides of both mammalian and eukaryotic origin activate the transcription factor NF-B by interacting with cell-surface TLRs, in particular TLR2 (10 -12) . During amyloid formation in vitro, protein monomers form soluble pre-fibrillar oligomers prior to generation of non-branching fibrils. Many amyloid-forming peptides appear to follow similar aggregation pathways and produce oligomeric species with common exposed epitopes (13) . Soluble oligomers are thought to be the primary species that effect tissue damage (14) , although amyloid fibrils are associated with beta cell apoptosis in islets from patients with type 2 diabetes (15) . It is possible that (like other amyloidogenic peptides) IAPP activates multiple pattern recognition receptors, and moreover that different types of aggregates (e.g. soluble oligomers or amyloid fibrils) could be involved in distinct recognition events by islet macrophages. Such a finding would have important implications for the development of amyloid inhibitors, which have the potential to stabilize specific inter-mediate aggregates, as well as for strategies to limit IAPP-induced islet inflammation.
Increased expression of IL-1-related genes is a characteristic of islets from patients with type 2 diabetes (16) . Remarkably, multiple clinical trials have now demonstrated improved insulin secretion in response to anti-IL-1 therapy with no detectable effects on insulin resistance (17) . These data suggest that the islet may be particularly susceptible to IL-1-induced inflammation, perhaps due to high IL-1R expression on beta cells (18) and to an islet-localized stimulus for IL-1 such as IAPP aggregation. Here, we evaluated the mechanism of IAPP-induced IL-1␤ synthesis in macrophages and sought to determine the role of different species of IAPP aggregates on innate immune activation.
Experimental Procedures
Mice-Wild-type (WT) C57BL/6, Tlr2 Ϫ/Ϫ (B6.129-Tlr2 tm1Kir /J), Myd88 Ϫ/Ϫ (B6.129P2(SJL)-Myd88 tm1.1Defr /J), Nlrp3 Ϫ/Ϫ (B6.129S6-Nlrp3tm1Bhk/J), and FVB/NJ mice were obtained from the Jackson Laboratory (Bar Harbor, ME). Hemizygous FVB/N-Tg(Ins2-IAPP)RHFSoel/J mice were bred with WT FVB mice to produce hemizygous hIAPP transgenic mice (hIAPP Tg/o ). Mice were maintained in compliance with Canadian Council on Animal Care guidelines. Studies were approved by the University of British Columbia Committee on Animal Care.
Islet and Cell Culture-Mouse islets were isolated by ductal collagenase injection and filtration (19) and cultured as described previously (7) . For macrophage depletion, islets were treated immediately following isolation for 48 h with 1 mg/ml clodronate delivered in liposomes (20) (ClodLip BV, Amsterdam, The Netherlands). Bone marrow-derived macrophages (BMDMs) were propagated from mouse femur marrow (8) . RAW 264.7 macrophages (ATCC TIB-71) were maintained in high-glucose DMEM supplemented with 10% FBS, 2 mM Glu-taMAX TM , and 1 mM sodium pyruvate. HEK 293 cells co-transfected with human TLR2 or TLR4 and an NF-B/AP-1-secreted alkaline phosphatase (SEAP) reporter gene were obtained from InvivoGen and maintained according to the manufacturer's instructions (San Diego, CA).
Peptide Preparation-Human and rodent IAPP (Bachem, Torrance, CA) were dissolved in hexafluoro-2-propanol, lyophilized, and stored at Ϫ20°C. Immediately prior to each experiment, IAPP was dissolved in 0.1 M acetic acid and diluted in culture medium. To assess amyloid fibril formation, IAPP aggregation was monitored by thioflavin T fluorescence (21) . For examination of fibril formation by transmission electron microscopy (TEM), 3-l aliquots of IAPP prepared by dissolution at 100 M in distilled water and incubation at room temperature for 0 -16 h were adsorbed to glow-discharged carboncoated collodion film on copper grids. Grids were blotted, negatively stained with uranyl acetate, and imaged with a FEI Tecnai Transmission Electron Microscope.
Cytokine Secretion-In experiments involving multiple incubations (e.g. priming followed by activation), the activating stimulus was added to medium without washing or removal of the priming stimulus. Levels of 12 cytokines and chemokines in cell supernatants were assessed by multiplex assay (Millipore, Bedford, MA) and analyzed on a Luminex-100 system according to the manufacturer's instructions (Luminex Corporation, Austin, TX). For single cytokine analysis in BMDM and islet supernatants, TNF-␣ and IL-1␤ levels were determined by ELISA (BioLegend, San Diego, CA; Abcam, Toronto, Canada).
Gene Expression Analysis-RNA was isolated with a Purelink TM RNA Micro Kit (Invitrogen). cDNA was synthesized using a Superscript VILO TM cDNA Synthesis Kit (Invitrogen). RT-qPCR was performed with Fast SYBR Green PCR Master Mix (Applied Biosystems, Warrington, UK), and reactions were run on an ABI 7500 Fast Real-Time PCR System. Primer sequences were obtained from PrimerBank (22) as described previously (7) .
Immunocytochemistry-Cells were seeded in black 96-well clear-bottom plates and cultured as indicated. Monolayers were stained with propidium iodide for 30 min at 37°C, fixed with 4% formaldehyde for 15 min at room temperature, permeabilized with 1% Triton X-100 for 15 min, and blocked using a commercial solution optimized for HCS Arrayscan assays (Thermo Fisher Scientific, Waltham, MA). Cells were stained with rabbit anti-mouse NF-B (1:230; Thermo Fisher Scientific) for 1 h followed by Dylight 549 goat anti-rabbit IgG (1:400; Thermo Fisher Scientific) and Hoechst (1 g/ml) for 1 h. Staining was quantified using an ArrayScan VTI HCS reader and Molecular Translocation BioApplication Software Module (Thermo Fisher Scientific). Eight-well chamber slides were prepared in parallel and imaged on a BX61 microscope (Olympus, Center Valley, PA).
Western Blot-WT and Nlrp3 Ϫ/Ϫ BMDMs were lysed, protein was quantified, and lysates were separated on 4 -20% polyacrylamide gels along with recombinant mature mouse IL-1␤ (eBioscience, San Diego, CA) and transferred to nitrocellulose membranes as previously described (7) . Membranes were incubated in anti-mouse ␤-actin monoclonal antibody (1:5000 overnight at 4°C; #NB600 -501, Novus Biologicals, Littleton, CO) followed by infrared-dye-conjugated goat anti-mouse IgG (1:10,000 for 45 min at room temperature; #926 -68070 LI-COR Biotechnology, Lincoln, NE) and imaged on a LI-COR Odyssey (Lincoln, NE). Blots were subsequently washed and incubated overnight with goat anti-mouse IL-1␤ (1:250 overnight at 4°C; R&D Systems, Minneapolis, MN) followed by Alexa Fluor-conjugated donkey-anti goat IgG (1:5,000 for 45 min at room temperature; #A-11055, ThermoFisher, Waltham, MA) and imaged on a Typhoon Trio Plus (GE Healthcare Life Sciences, Mississauga, Canada).
Statistical Analyses-Data were analyzed with GraphPad Prism and are expressed as mean Ϯ S.D. of the indicated number of replicates. Differences between two groups were evaluated with a two-tailed t test. Differences among three or more groups were evaluated with a one-way or two-way ANOVA and Bonferroni post-tests.
Results

Human IAPP Aggregation Intermediates Activate a TLR2/6
Heterodimer-To determine whether the initial signal for induction of proIL-1␤ synthesis by human IAPP (hIAPP) is delivered by TLR activation, we screened a panel of human TLR-expressing HEK 293 cells co-transfected with an NF-B/ AP-1 SEAP reporter construct. hIAPP induced NF-B/AP-1 activation in HEK 293 cells expressing TLR2 and CD14 but not in the parental cell line or in cells expressing TLR3, TLR4 and CD14, TLR7, or TLR9 ( Fig. 1A ). TLR2 expression had no effect on HEK 293 cell viability in the presence of hIAPP ( Fig. 1B) . Because TLR2 can form heterodimers with either TLR1 or TLR6, both expressed endogenously by HEK 293 cells, we evaluated the effect of neutralizing antibodies targeting TLR1, TLR2, and TLR6 on hIAPP-induced reporter activity. NF-B/ AP-1 activation was blocked in cells treated with anti-TLR2 or anti-TLR6 but not anti-TLR1 neutralizing antibody, suggesting that IAPP activates a TLR2/6 heterodimer (Fig. 1C ). Blockade of CD14, required for a maximal response to both the TLR1/2 ligand Pam 3 CSK 4 and the TLR2/6 ligand FSL-1 (23), did not significantly affect the response to hIAPP (Fig. 1C ), suggesting that this co-receptor is not required for hIAPP-induced TLR2 activation. Freshly dissolved hIAPP but not non-amyloidogenic rodent IAPP (rIAPP) or pre-aggregated fibrillar hIAPP triggered TLR2 signaling ( Fig. 1D) , an effect also observed in HEK 293 cells expressing mouse TLR2 ( Fig. 1E ). Thus, early aggregates of hIAPP (but not fully aggregated peptide) trigger activation of TLR2.
TLR2 Is Required for hIAPP-induced NF-B Activation and Cytokine Secretion by Macrophages-To determine whether TLR2 is required for hIAPP-induced pro-inflammatory cytokine secretion by macrophages, we assessed nuclear translocation of the NF-B p65 subunit in BMDMs from WT and TLR2deficient mice. p65 was observed in the nucleus in WT but not Tlr2 Ϫ/Ϫ cells 1 h following treatment with hIAPP ( Fig. 2, A and  B) . Moreover, hIAPP-induced Il1b, Tnf, and Il6 expression was FIGURE 1. Early aggregates of hIAPP activate TLR2. HEK 293 cells co-transfected with the indicated human TLR, CD14 (TLR2-and TLR4-expressing cells), and a NF-B/AP-1 SEAP reporter construct were treated with freshly dissolved hIAPP for 24 h. A, SEAP activity was measured by colorimetric assay. Null1 and Null2 represent the parental cell lines. B, viability was assessed by Alamar Blue fluorescence in TLR2-expressing and control HEK 293 cells. C, human TLR2/CD14expressing HEK 293 cells (with endogenous TLR1 and TLR6 expression) were pre-treated with anti-TLR1, TLR2, TLR6, or CD14 neutralizing antibody (5 g/ml) or mouse IgG isotype control for 30 min prior to addition of hIAPP (10 M) or control ligands for TLR1/2 (Pam 3 CSK 4 ) or TLR2/6 (FSL-1) at 10 ng/ml. D, human TLR2-expressing cells were treated with rIAPP or hIAPP (10 M) or the mass equivalent of hIAPP that had pre-aggregated for 24 h (Agg). E, HEK 293 cells expressing mouse TLR2 were treated with freshly-dissolved hIAPP ( (Fig. 3B ). We next evaluated the requirement for TLR2 and its downstream adaptor protein MyD88 in hIAPPinduced cytokine and chemokine secretion over a 24 h time course without a second distinct stimulus for NLRP3. Both TLR2 and MyD88 were required for hIAPP-induced secretion of IL-1␤, TNF-␣, IL-6, CCL2, CCL3, CCL4, CCL5, CXCL1, and IL-10 ( Fig. 4) . Thus, TLR2 is required for hIAPP-induced NF-B activation and pro-inflammatory cytokine secretion by BMDMs.
In apparent contrast to these results, our previous work implicated an IL-1R-dependent, TLR2-independent mechanism of hIAPP-induced pro-inflammatory cytokine secretion by BMDMs (8) . In the present study, we first confirmed that hIAPP-induced IL-1␤ secretion is itself partially inhibited by IL-1Ra, consistent with autoinduction ( Fig. 5A ). This inhibitory effect of IL-1Ra was observed in WT but not Tlr2 Ϫ/Ϫ BMDMs, which presumably lack the signal required for up-regulation of Il1b expression. However, concentrations of hIAPP high enough to impair cell membrane integrity as measured by propidium iodide uptake induced low but detectable levels of IL-1␤ even in Tlr2 Ϫ/Ϫ BMDMs (Fig. 5, A and B) , suggesting additional TLR2-and IL-1-independent mechanisms for IL-1␤ secretion. Variability among lots of IAPP, a phenomenon that has been well-documented (24), may account for differences in aggregation kinetics, IAPP/cell membrane interactions, and mechanisms of in vitro cytokine secretion among studies.
Pre-fibrillar and Fibrillar hIAPP Aggregates Have Distinct Effects on the Synthesis and Secretion of IL-1␤-We next assessed the signals required for IL-1 secretion in response to hIAPP aggregation. Secretion of mature IL-1␤ requires induction of proIL-1␤ synthesis (signal 1, which can be provided by TLR2 activation) and cleavage of proIL-1␤ (signal 2, which can be provided by NLRP3-induced caspase-1 activation). Amyloid fibrils were prepared by pre-incubation of hIAPP at 37°C for 24 h and confirmed to contain ␤-sheet structure by increased thioflavin T fluorescence (Fig. 6A) , which reaches a maximum after ϳ3 h of hIAPP aggregation in culture medium (8) . Fibril formation was verified by electron microscopy (Fig. 6B) . Freshly dissolved hIAPP but not amyloid fibrils induced IL-1␤ release after 3 h incubation (to induce proIL-1␤ synthesis) followed by 1 h treatment with ATP (to induce NLRP3 activation and IL-1␤ secretion; Fig. 6C ). To determine whether amyloid fibrils could induce IL-1␤ secretion following delivery of a distinct stimulus for proIL-1␤, BMDMs were treated with LPS for 3 h (signal 1) followed by rIAPP, soluble hIAPP, or pre-aggregated hIAPP (signal 2). BMDMs primed with LPS and then treated with freshly dissolved or pre-aggregated hIAPP produced similar levels of IL-1␤ after 16 h ( Fig. 6D ), suggesting that fibrillar hIAPP (also formed after ϳ3 h in cultures treated with freshly-dissolved hIAPP) is the primary stimulus for signal 2, i.e. NLRP3 activation and proIL-1␤ cleavage. Of note, neither form of hIAPP was able to induce IL-1␤ secretion after only 1 h of treatment, consistent with a mechanism for NLRP3 activation that requires more time than the response to ATP and may involve phagocytosis with subsequent lysosomal disruption (8, 9) .
Next, we evaluated the capacity of rIAPP, hIAPP, and preaggregated hIAPP to induce IL-1␤ secretion when delivered in sequential combinations as both the priming and activation stimuli. BMDMs were treated with rIAPP, hIAPP, or pre-aggregated hIAPP as a priming stimulus (signal 1) for 3 h followed by 1 h (Fig. 6E ) or 16 h (Fig. 6F ) activation with one of the same three forms of IAPP to provide signal 2. BMDMs treated for 3 h with freshly-dissolved hIAPP but not rIAPP or pre-aggregated hIAPP provided a stimulus for subsequent ATP-induced IL-1␤ secretion (Fig. 6E) , consistent with the requirement for prefibrillar species to activate TLR2. When the 1 h activation period was increased to 16 h, both freshly dissolved and preaggregated hIAPP stimulated IL-1␤ secretion in cells primed with hIAPP ( Fig. 6F ). However, cells exposed to additional freshly-dissolved hIAPP for 16 h produced 3.5-fold more IL-1␤ than those treated with pre-aggregated peptide (Fig. 6F) . Thus, the contribution of soluble hIAPP (or the process of early hIAPP aggregation) to IL-1␤ secretion may be the limiting factor under these conditions. Delivery of soluble and fibrillar peptide in the opposite order (i.e. pre-aggregated hIAPP prior to freshly dissolved hIAPP) resulted in 2-fold less IL-1␤, consistent with soluble aggregates being primarily responsible for priming and suggesting that the aggregation process generates stimuli in the optimal order for a maximal IL-1␤ response. The priming signal did not require NLRP3, as freshly-dissolved hIAPP induced proIL-1␤ protein expression in both WT and Nlrp3 Ϫ/Ϫ BMDMs (Fig. 6G ), but there was no secreted IL-1␤ detected from Nlrp3 Ϫ/Ϫ cells after 16 h (Fig. 6H ). We did not detect mature IL-1␤ in cell lysates at this time point, consistent with our previous data showing processing of proIL-1␤ into mature IL-1␤ with release of mature peptide into the medium between 16 and 24 h (7) . TLR2 deficiency also prevented IL-1␤ release in response to 3 h incubation with hIAPP (to induce proIL-1␤ synthesis) followed by 1 h treatment with ATP (to induce NLRP3 activation and IL-1␤ secretion; Fig. 6I ). Of note, no IL-1␤ was secreted by TLR2-deficient hIAPP-treated BMDMs over a 24-h time course (Fig. 6J ) unless LPS was added to provide an alternate stimulus for proIL-1␤ expression ( Fig. 6K) .
TLR2 Is Required for Maximal hIAPP-induced Islet Macrophage Cytokine Expression-We next assessed the capacity of hIAPP to induce pro-inflammatory cytokine expression in cultured islets, which contain resident macrophages. Synthetic hIAPP caused up-regulation of mRNA encoding the pro-inflammatory cytokines IL-1␤ and TNF-␣ in isolated islets after 4 h (Fig. 7A ). Expression of both Il1b and Tnf was reduced by ϳ50% in islets from TLR2-deficient mice (Fig. 7A) . Expression of Il1b but not Tnf was also elevated in hIAPP Tg/o compared with WT islets after 7 days of culture at 22 mM glucose; both cytokines were significantly inhibited by anti-TLR2 neutralizing antibody (Fig. 7B) . Clodronate-liposome-mediated islet macrophage depletion (as confirmed by a decrease in Itgam expression) significantly reduced islet Tnf and Il1b expression ( Fig. 7C ), suggesting that macrophages are the major source of these cytokines in both WT and hIAPP-expressing transgenic islets.
Discussion
Chronic exposure to elevated IL-1 causes beta cell death and dysfunction due to altered gene transcription, changes in protein activity, and induction of oxidative stress (25) . Data from clinical studies suggest that anti-IL-1 agents can improve beta cell function without affecting insulin sensitivity (17) . Recent work has demonstrated that IAPP (the principal component of islet amyloid) activates caspase-1 and NLRP3 in cultured macrophages (8, 9) and islet macrophages (7) , induces expression of Il1b and proIL-1␤ (7, 8, 26) , and triggers secretion of mature IL-1␤ by bone marrow-derived macrophages (7) . Moreover, islet macrophages are the major source of hIAPP-induced IL-1␤ in islets; both IL-1Ra (26) and systemic macrophage depletion can improve hIAPP-induced islet dysfunction (7, 8) . Our present data address two critical questions: (a) what is the mechanism by which IAPP is sensed by innate immune cells, and (b) which aggregation state of the peptide is required for proIL-1␤ synthesis and IL-1 secretion? These studies identify IAPP species generated during the early stages of aggregation as stimuli for TLR2-dependent proIL-1␤ expression, and species produced later during aggregation as stimuli for NLRP3-dependent IL-1␤ secretion. Using an ex vivo model of islet amyloid formation, they also support an important role for macrophage TLR2 in IAPP-induced islet inflammation.
Understanding the characteristics of different hIAPP species (toxic, TLR2-activating, NLRP3-activating, and inert) will be critical for the successful development of aggregation inhibitors as diabetes therapeutics. Our data suggest that the progression of IAPP aggregation from soluble oligomer through to amyloid fibril generates two sequential signals required for IL-1␤ secretion. First, early aggregates provide a TLR2-dependent stimulus leading to expression of proIL-1␤, an observation consistent with the modest elevation of Il1b in lean hIAPP transgenic mice, which lack significant amyloid fibril deposition (26) . Second, amyloid fibrils induce secretion of mature IL-1␤, which then acts via the IL-1R to amplify expression of other cytokines such as TNF-␣ (8) . Consistent with this, a significant increase in expression of Il1b as well as a panel of other pro-inflammatory cytokines was observed only when significant amyloid fibril (10 M) or the mass equivalent of hIAPP that was allowed to pre-aggregate for 24 h at 37°C (Agg). B, hIAPP (100 M) was dissolved in water and imaged by TEM after the indicated period of aggregation. Scale bar ϭ 100 nm. C, BMDMs were treated with the indicated stimulus for 3 h (signal 1, to induce proIL-1␤ synthesis) followed by ATP (5 mM) for 1 h (signal 2, to induce proIL-1␤ cleavage and mature IL-1␤ secretion). D, BMDMs were treated with LPS (10 ng/ml) for 3 h (signal 1) followed by the indicated activation stimulus for 16 h (signal 2). E, BMDMs were treated with the indicated priming stimulus (signal 1) for 3 h followed by 1 h or (F) 16 h activation (signal 2) with the indicated form of IAPP (10 M) or ATP (5 mM). G and H, WT or Nlrp3 Ϫ/Ϫ BMDMs were treated with the indicated signal 1 for 3 h, followed by the indicated signal 2 for 16 h. IL-1␤ was detected in cell lysates by Western blot (G) and in supernatants by ELISA (H). Immunoblot data show two different exposures of proIL-1␤ and are representative of 2 independent experiments; ELISA data show 2 biological replicates per genotype. I, WT or Tlr2 Ϫ/Ϫ BMDMs were treated as in C to determine the effect of TLR2 on generation of signal 1. J, WT or Tlr2 Ϫ/Ϫ BMDMs were treated with hIAPP (10 M) for 0 -24 h without priming or (K) following 3 h of pre-treatment with 10 ng/ml LPS to provide an independent source of signal 1. IL-1␤ in supernatants was measured by ELISA. Data represent mean Ϯ S.D. of 3 replicates per treatment and are representative of 3 independent experiments unless otherwise noted. Dotted line represents the lower limit of detection of the assay. veh: vehicle control. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. deposition was present, as in obese hIAPP transgenic mice (26) . Thus, two distinct species of aggregated hIAPP each provide one of the two signals necessary for IL-1␤ secretion.
Masters et al. (9) reported NLRP3 activation by prefibrillar hIAPP oligomers; however, these authors compared IL-1␤ release induced by both pre-aggregated fibrils and by soluble peptide after overnight culture. Since hIAPP rapidly aggregates to form fibrils during the first few hours of culture, it is likely that cells in those studies were exposed to fibrillar species formed during overnight culture and not only the intended smaller aggregates. Other reports have suggested that fibrillar aggregates of amyloidogenic peptides such as lysozyme are responsible for activation of TLR2 (12); whether fibrils exist in equilibrium with smaller species that interact with the receptor or whether indirect mechanisms for TLR2 activation are involved should be addressed by future work. Indeed, it is possible that hIAPP itself or soluble factors induced by hIAPP interact with TLR2, leading to the synthesis of proIL-1␤ and to post-translational modification of regulatory proteins required for inflammasome priming (27, 28) . Several studies have suggested that amyloid-induced NLRP3 activation lies downstream of lysosomal disruption, mitochondrial dysfunction, or oxidative stress (29) . While we cannot rule out the release of secreted factors that contribute to activation of both TLR2 and NLRP3, this work demonstrates that pre-fibrillar hIAPP species (typically the form implicated in disruption of beta cell membranes (14)) are not required for IL-1␤ secretion in cells primed with another stimulus. Moreover, additional studies are needed to evaluate the consequences of hIAPP-induced TLR2 activation in vivo. Small molecule inhibitors of TLR2 that are currently under development may be helpful in this regard (30, 31) .
Mammalian TLRs are a family of membrane-bound pattern recognition receptors that recognize common microbial structural motifs as well as endogenous ligands; for example, TLR2 complexes with TLR1 or TLR6 to recognize bacterial lipoproteins. We found that activation of TLR2 serves as a critical trigger for hIAPP-induced Il1b expression in both BMDMs and cultured islets. Interestingly, diverse amyloidogenic peptides appear to act as endogenous ligands for TLR2: activation of TLR1/2 has been described for A␤ (32, 33) , serum amyloid A (34), lysozyme fibrils (12), curli fibrils (11) , and ␣-synuclein (35) . Lysozyme may also activate TLR2/6 (12), and our data suggest that heterodimerization with TLR6 is required for sensing of IAPP by TLR2. Other membrane-bound co-receptors such as CD14 partner with the TLRs to enhance ligand recognition (36) . CD14 interacts with A␤ (37) and curli fibrils (38) but is not required for NF-B activation by lysozyme (12), serum amyloid A (10), or (as we have shown here) IAPP. Multiple diseases of protein aggregation are also associated with activation of NLRP3 (29). Masters et al. provided direct evidence for IAPP-induced NLRP3 inflammasome activation in dendritic cells (9) ; here, we have demonstrated that this effect is observed in macrophages, can be attributed to amyloid fibrils, and is accompanied by TLR2 activation by species formed at an earlier stage of hIAPP aggregation. Importantly, given increasing evidence for cross-talk between TLR and NLRP3 signaling FIGURE 7 . Blockade of TLR2 prevents up-regulation of islet macrophage Il1b and Tnf expression in response to synthetic and endogenous hIAPP. A, islets were isolated from 12-week-old WT (Tlr2 ϩ/ϩ ) or Tlr2 Ϫ/Ϫ C57BL/6 mice. After overnight recovery, islets were treated with hIAPP (10 M) for 4 h. mRNA expression was assessed by RT-qPCR. B, islets from hIAPP Tg/o mice and WT littermate controls were cultured with 10 g/ml neutralizing antibody or isotype control for 7 days in 22 mM glucose to promote amyloid formation. mRNA expression was assessed by RT-qPCR. C, WT and hIAPP Tg/o islets were treated with clodronate-containing liposomes (CLOD-lip, 1 mg/ml clodronate) or control liposomes (PBS-lip) for 48 h to deplete islet macrophages. Islets were subsequently cultured in 22 mM glucose for 4 days to promote amyloid formation and mRNA expression was assessed by RT-qPCR. Expression levels were normalized to the housekeeping gene Rplp0. Data represent mean Ϯ S.E. of islets from 4 mice per treatment and are representative of 3 independent experiments. veh: vehicle control. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. pathways (27, 39) , IAPP and other amyloidogenic peptides may act as particularly potent pro-inflammatory stimuli because of their capacity to induce both pathways. The activation of pattern recognition receptors by both microbial amyloids (e.g. curli fibrils) and endogenous amyloids (e.g. IAPP) suggests that inflammation in amyloid disease may be a consequence of the evolution of the innate immune response to foreign peptide aggregates with similar structural motifs.
Collectively, these findings provide a mechanistic link between two important islet pathologies in type 2 diabetes, amyloid, and inflammation. Distinct forms of IAPP, the principal component of islet amyloid, contribute to IL-1␤ release: early aggregates, which induce Il1b expression and proIL-1␤ synthesis via TLR2; and amyloid fibrils, which induce NLRP3dependent IL-1␤ secretion. While no current therapies are available that specifically target islet amyloid formation, anti-TLR2, NLRP3, or IL-1 agents may provide an alternative approach for protecting the beta cell against hIAPP-induced dysfunction.
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